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A Back-Water Contacted Silicon-On-Glass Integrated
Bipolar Process—Part II: A Novel Analysis of
Thermal Breakdown
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Abstract—Analytical expressions for the electrothermal pa-
rameters governing thermal instability in bipolar transistors, i.e.,
thermal resistance Rrg, critical temperature 7..;; and critical
current J¢ ..it, are established and verified by measurements on
silicon-on-glass bipolar NPNs. A minimum junction temperature
increase above ambient due to selfheating that can cause thermal
breakdown is identified and verified to be as low as 10-20 °C.
The influence of internal and external series resistances and the
thermal resistance explicitly included in the expressions for T, ;;
and Jg it becomes clear. The use of the derived expressions for
determining the safe operating area of a device and for extracting
the thermal resistance is demonstrated.

Index Terms—Bipolar transistors, radio frequency (RF) tech-
nologies, silicon-on-glass, thermal breakdown, thermal manage-
ment, thermal resistance.

1. INTRODUCTION

N PART I of this paper, a novel back-wafer contacted sil-

icon-on-glass integrated bipolar technology for radio fre-
quency (RF) applications was presented [1]. Considerable re-
duction of device size and parasitics was achieved by using sub-
strate transfer to glass, trench isolation and low-ohmic collector
contacting via the back-wafer. The use of isolating materials
(mainly glass, oxide, and nitride) not only yields a perfect RF
isolation but also provides an almost perfect thermal isolation.
The heat generated within the device itself can only spread very
slowly into the substrate and is largely confined to the silicon
lattice of the active device. This results in an extremely large
equivalent thermal resistance of the silicon-on-glass NPNs and a
strong electrothermal feedback during device operation. Even in
small, single-emitter devices operating at relatively low power
levels thermal instabilities are readily observed. In bulk-silicon
processes, on the other hand, thermal instability is seen only
in large high power devices. Observations of such phenomena
date back even to the late ’50s [2]—[4]. Several efforts have been
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devoted towards determining the conditions that lead to thermal
instability. Some detailed theories at carrier level have been pro-
posed [5]-[7], in which the authors focus on evaluation of the
local hot-spot temperature that triggers thermal breakdown in
single-emitter devices. Such mechanisms are usually related to
operation regimes under very high currents and voltages. Con-
ditions were sought for which a perturbation of the current dis-
tribution at one place leads to a localized increase in the power
density and temperature, which can cause thermal breakdown.
A different, circuit-level approach has been pursued by yet other
authors, who concentrate on the derivation of the biasing con-
ditions and associated temperature that lead to thermal break-
down in multicellular devices. These approaches can be clas-
sified as either analytical [8]-[10], semi-analytical [11], [12]
or numerical [13]. The present silicon-on-glass transistors are
the first silicon-based devices, in which the absence of efficient
heat sinks enables the experimental study of thermal breakdown
at such low current levels that neither high-current/voltage ef-
fects nor series resistances dominate the device behavior. In such
single-emitter, low-power transistors a perfect thermal isolation
is combined with a limited device size and it is safe to assume
that the junction temperature is constant along the device. Under
these conditions it has been possible to get a clear view of the
selfheating and thermal breakdown mechanism, whereby very
simple device models could be formulated and verified experi-
mentally.

First, a temperature-independent formulation for the base—
emitter voltage temperature coefficient is established. This en-
abled the definition of a new compact analytical model for the
rise in junction temperature, called the critical temperature rise
AT, necessary for thermal breakdown. It is proven here that
for bipolar transistors with very high thermal resistance and
small series resistances, such as RF devices, the critical temper-
ature rise above ambient is a weak function of both the device
biasing conditions and thermal resistance, and can be as low as
10-20 °C. Similar results have been achieved by previous au-
thors [11], [14]-[16]. The formulation of the critical tempera-
ture presented here is, however, complete, explicit and analyt-
ical, and also verified experimentally. Among the other things
the role of internal and external series resistances for the elec-
trothermal response of the transistor becomes clear from this
new model. The applicability of this formulation for the extrac-
tion of thermal resistance is demonstrated by the experiments
described in Part I. Moreover, the formulation of AT,,;; leads
to a novel equation for determining the critical current J¢ crit
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leading to thermal breakdown. Finally, the applicability of the
Vep—VBE characteristics for determining the safe operating area
of devices that exhibit measurable selftheating is analyzed and
a generally applicable, straightforward measurement technique
is defined for predicting the critical biasing conditions. All re-
sults are supported by electrical measurements, numerical de-
vice simulations and nematic liquid crystal imaging of the de-
vice temperature.

II. NOMENCLATURE AND BASIC ASSUMPTIONS

The lumped-resistor model of the transistor and biasing con-
ventions used in the following derivations are given in the circuit
diagram shown in Fig. 1 along with a subcircuit describing the
electrothermal feedback. The dissipated power is related to the
device temperature as
T PTO 0
where Ry is the equivalent thermal resistance, P is the dissi-
pated power, Tj is the ambient temperature, and 7" is the junc-
tion temperature [17]. The thermal resistance Ry is assumed to
be bias independent. This is a reasonable assumption when the
thermal resistance is dominated by the device surroundings and
not by size modulation of the heat source [18], [19]. The emitter,
base, and collector series resistances are denoted rg, rg, and
rc, respectively, for internal parasitics and Rg, Rp, and R¢,
respectively, for external (ballasting) resistors. The voltage that
drops across the base—emitter junction itself is defined as the in-
ternal emitter—base voltage Vpgint. The externally applied volt-
ages are specified by the suffix ext. The relationship between
the Vpgext and Vpgint 1S given by

VBEint = VBEext — AJc REB 2

Rru =

where A is the emitter area, .J¢ is the collector—current density,
and Rgp is given by

%(RB +rp) + ﬂ%l(RE +7E)

where (3 is the current gain of the device. Only forward active
mode of operation is examined so the dissipated power in the
device can be expressed as

P = AJc(Vegext — AJcRec). 3)

Rgp =

where
Regc = Rp + Rc¢

The device is biased through the external resistors in a
common-base configuration. Either a current or voltage source
is applied to the emitter terminal. In the forward linear region
of interest here the current gain dI-/dIp is much larger than
unity and I~ will be assumed equal to Ig.

Since the devices under consideration show thermal
breakdown at low power levels with correspondingly low
collector—current levels, high-current effects can be assumed
negligible. The following analytical expression is therefore
used to relate Jo to Vegint [20], [21]

Jo = CT* ™ exp (LEM_VGO) 4)
Vr
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Fig. 1. DC circuit diagram of an ideal BJT with lumped resistors and
a subcircuit accounting for selfheating. Emitter can be biased in current-
controlled mode or voltage-controlled mode.

where m is the mobility power factor, C is a temperature in-
dependent coefficient, Vi is the extrapolated silicon bandgap
voltage in the base at 0 K, and Vr is the thermal voltage.
Avalanching and Early effects are also assumed negligible, and
the temperature distribution across the device is assumed to be
uniform. All these assumptions are shown in the following to
be valid for the small, thermally well-isolated silicon-on-glass
devices that are studied experimentally here.

III. THE BASE-EMITTER VOLTAGE TEMPERATURE
COEFFICIENT MODEL

A parameter generally adopted to describe the electrothermal
behavior of a bipolar transistor is the base—emitter voltage tem-
perature coefficient ¢ [9], [13]. This coefficient is defined as the
ViE shift required to keep the collector—current constant as the
junction temperature changes [8], [22]

=, ®)
Since J¢ always increases with temperature, ¢ is negative, re-
gardless of the material in which the transistor is fabricated. As
a first step toward a formulation of A7, ;;, an analytical expres-
sion for ¢ is derived. Equation(5) can be applied to both the in-
ternal and external base—emitter voltages and two corresponding
coefficients ;,; and @.,+ are defined. By inserting (2) and (4)
in (5) a straightforward calculation gives

k k Jo
(pext(JCUT) :(pbnt(JC7T)+f(JCT) (7)
where £ is Boltzmann’s constant, q is the electron charge and
f(Je,T)= Alc T

Jo
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Fig. 2. Base—emitter voltage as a function of temperature for different values
of collector—current density. The base—emitter voltage temperature coefficient is
extracted as the slope of the curves through the (symbols) measurement results.
The dashed lines are parallel to the lowest J curve.

In Appendix A the term f(J¢,T) is evaluated and found to
be negligible with respect to ¢;,,+. Thus

e

=

®)
whereby @.,+ is shown to be a function of the current density
and temperature. To further simplify the expression for ¢eyt,
the relationship to J¢o and T has been evaluated experimentally.
Measurements presented in this paper were performed on sil-
icon-on-glass transistors with an emitter area A = 20 x 1 pm?
using a HP4156B parameter analyzer and a Cascade probe sta-
tion equipped with a thermal chuck. Gummel plots were mea-
sured at different substrate temperatures ranging from 300 K
to 380 K, which amply covers the expected range of T.,;;. The
measurements were performed in pulsed mode on a device with
the lowest available thermal resistance and with Vog = 0 V.
Fig. 2 shows the base—emitter voltage as a function of temper-
ature for different fixed collector—current densities. The slope
is given by the differential of each curve. These are all linear
and thus ¢.,.; is temperature independent. There is, however, a
clear dependence on .J-, which is accentuated in the graph by
the dashed lines that are parallel to the curve for the lowest J¢
value. Based on this experimental evidence a temperature-inde-
pendent model has therefore been adopted

k k
Geat(Jo, T) = pint(Jo, T) = —5(4 -m)+ 51

Jc

— 9
Oy T ™™ ©)

k
Saemt(JC) = —%o + Eln

where the values for g, C'y and m are extracted from the mea-
surements. Fig. 3 shows the agreement between the model and
the experimental data for this particular device. Theoretically
this temperature-independent approximation is also expected to
be quite accurate because the logarithmic relationship to 7" in (8)
makes ¢..+ a weak function of the junction temperature itself.
The dependence on J, on the other hand, cannot be neglected
because in the usual operating regime of the transistor the cur-
rent varies by several decades.

2.3
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’ —— Model Eq.(9)
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Fig.3. Base—emitter voltage temperature coefficient as a function of collector-
current density. Experimentally extracted values (symbols) are compared to the
(solid line) model of (9).

IV. MODEL FOR THE CRITICAL JUNCTION TEMPERATURE

In Part I of this work, several Gummel plot measurements of
silicon-on-glass NPN BJT’s are shown for both the voltage-con-
trolled mode and the current-controlled mode. Thermal runaway
is readily observed in the voltage-controlled mode as a sharp
increase in collector—current with base—emitter voltage, leading
to the immediate burnout of the transistor. The point of onset
of thermal instability can be detected in the current-controlled
Gummel plot as the boundary point between the positive and
the negative differential resistance region (flyback point or snap-
back point). This critical point is found as the biasing point for
which [23]

AVBEex
O VBEext =0 (10)
dJc Ve Bext
that is equivalent to [7], [11], [24]
aJ, aT
°c - —1=0. (1D
or ’BEext,VCBext dJc VBEext,VCBext

Thus for each applied collector-base voltage a critical col-
lector—current density Jc it can be determined from these
relationships. The Jc¢ crit(Vegext) values set a limit for safe
device operation. Since the thermal runaway is a feedback
phenomenon in which the collector—current increases due to a
temperature increase and vice versa, it is essential to accurately
determine both J¢ crit and Tpic.

In the following a theoretical formulation for the critical tem-
perature as a function of J¢ it is obtained by inserting (1)—(4)
and (9) in (10). The complete derivation is given in Appendix B
and results in a compact analytical expression for the tempera-
ture increase above ambient at the critical point AT, as a func-
tion of biasing conditions and series resistances. The AT, is
expressed as the sum of three individual temperature rises

AT’crit = Aj-vmin + AT’R,EB + Ajﬂ’R,EC (12)

where

1) The first term AT}, is the temperature rise necessary
for reaching thermal runaway in the absence of any series
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Fig. 4. Minimum junction temperature necessary for thermal runaway versus
critical collector—current density for a device where series resistance is not
playing any role.

resistances, either parasitic or externally applied, and is
given by
KTy
ATgin = 4 A

|§Dezt(JC,crit)| ~q

(13)

where the base—emitter voltage temperature coefficient
eyt 1S temperature independent as in (9).

2) The second term ATg gp represents the temperature
rise necessary to compensate for the voltage drop
VBEext,crit—VBEint,crit across the emitter and base series
resistances, Rg + rg and Rp + rp, shown in Fig. 1

VBEcxt,crit_VBEint,crit

k

|(108£Et(JC,CI‘it)| - E

3) The third term AR rc is the temperature rise necessary
to compensate for the influence of the external collector
and emitter series resistance Rrc on the applied voltage

ATR EB = (14)

Ver
A2J2 . RecR
ATrEc = Cerit fc =, (15)
Ll s o e |
Equation (12) can be rewritten in terms of Tt
AJg crit REB 2 72
Dot Teaor A e iEc il (16)
crit — kTg
1—

o (Fo o) To
Both (12) and (16) are generally applicable. From (1) the

thermal resistance can be expressed as
Tcrit - TO Tcrit - TO
Rru = =

Pcrit AJC,crit(VCEext - AJC,critREC)
17)
which, by inserting in (16) and solving for Ry is equivalent to
[see (18), shown at the bottom of the page]. Thus both 7¢,;; and
Ry can be found if Jg it is known.
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Very often the .Jc it is too high to be measured and alterna-
tive methods are used to estimate reasonable values of Rtyg. By
using such a value of Rry and assuming ¢.,; to be constant,
an equation for Jg it can be derived from (16) and (17)

k
Jg],critA2REcRTH <2|<pea:t| - a)

k kT,
+Jc eritA [REB+ (E - |‘Pezt|) RTHVCEcxt:| + TO =0. (19)

Thus, by means of (16), (18), and (19) the complete set of pa-
rameters (Rrm, Terit, and Jc,eri¢) can be found if one of the
three is known. If T, is approximated by 7y, and the influ-
ence of each individual series resitance is not explicitly taken
into account, the expression for Jg it can be simplified to give

kTo

IC,crit = JC,critA = (20)

q
|o|VeeRru — Re

as was already found in previous works [8], [25].

AT, given by (13) represents the minimum temperature
rise that can cause thermal breakdown in a bipolar transistor.
The T..it increases for each added series resistance through
which the internal device is biased. In the situation with no
added external resistors (i.e., Rgc =~ 0) and very high thermal
resistance, where the onset of thermal instability occurs at such
low current levels that the internal series resistances have no in-
fluence, (16) becomes

To

kTq

- 9
[¢ext(JC erit)|To

Tcrit = Tmin =

2L
1

The graphical representation of (21) is shown in Fig. 4, where
Thin 1s plotted versus the critical collector—current density
Jc,crit- It can be seen that the minimum junction temperature
that can lead to thermal breakdown in silicon BJT’s is small
and almost constant (314—320 K) within a wide range of critical
current densities. The Jc it follows the thermal resistance
and collector-emitter voltage, so it is concluded that the exact
values of Rry, and Vg are not of a great significance for the
critical junction temperature as long as the thermal resistance
is very high.

A. Electrical Measurements

The influence of external resistors on .Jg it and the associ-
ated T¢,i; has been studied by performing emitter current-con-
trolled measurements on a silicon-on-glass NPN BJT where re-
sistors of different values were connected to either the emitter
or collector. The I—VpE plots are shown in Fig. 5(a) and (b).
Note that an emitter ballasting resistor has a much greater effect
on the electrothermal feedback than a collector resistor of the

kT,
= T AJc,aitReB

Rty =

AJC,crit [AJC,critREC (s -2 |(pezt(JC,crit)|) + VCont (|‘Pszt(JC,crit)| - k)i|

(18)

q
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Fig. 5. Current-controlled I¢—Vir Gummel plots for different values of
(a) R and (b) R . (c) Influence of the ballasting resistors on Te.i¢ .

same value. Simultaneous extraction of Rty and T, is per-
formed using the results shown in Fig. 5(a) and (b) and following
the procedure explained above. Each temperature term of (12)
that contributes to the overall temperature increase is plotted in
the histogram presented in Fig. 5(c). It can be seen that ATk g

o
0
—_ <
g B
= p-Si
o-
oxide
L\ [ | |
-1 0 1 2
X [um]
(@
1022
<6_‘ T T T .
‘e 21 laser annealed
O, F contact C T
S As[ ]
5 :
= i
[
o
c
Q
o
©
2
£ ]
2
O 10" —
0 01 02 03 04 05 06 07 08 09
Depth [um]
(®)
Fig. 6. (a) Simulated NPN transistor. (b) Doping profiles of the E-B-C region

imported into MEDICL

significantly changes with Rp and can become dominating
for large resistance values. On the other hand, the impact of
ATr gc on Al is noticeable only for very high values of
Rc and/or Rg. The extracted thermal resistance values are also
shown in Fig. 5(c). They are quite constant, showing that the
measurement method is not sensitive to variations in biasing
condition.

B. Device Simulations

The device simulator MEDICI [26], where selfheating can
be included by solving the lattice heating equation, has also
been used here to verify the theoretical formulation of AT, ;.
The NPN transistor shown in Fig. 6(a) was used in the sim-
ulations. The vertical doping profiles of the active E-B-C re-
gions, shown in Fig. 6(b), were imported into MEDICI. The
thermal electrode was defined at the emitter side of the device
and a lumped thermal resistance of 10* K /W was connected to
this electrode. The ambient temperature was set to 300 K and a
voltage Vep = 2 V was applied. Fig. 7(a) shows the compar-
ison between the simulated and measured I-—Vpg characteris-
tics. Excellent agreement is achieved: MEDICI derives a max-
imum lattice temperature of 319.1 K in the critical point, while
the analytical model gives 319 K. The situations for Vog =1V
and Ve = 1.5 V are also depicted in Fig. 7(b) to illustrate the
decrease in I crit and VBg,crit With increasing V. MEDICI
has also been used to investigate the effect of different equiva-
lent thermal resistances (i.e., different heat spreaders) on AT,
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Fig. 7. (a) Simulated and measured I-—Vgg characteristics at Veg = 2V

for the device shown in Fig. 6(a) with a lumped thermal resistance of
Rty = 10* K/W. The temperature derived by MEDICI is also indicated.
(b) Comparison between simulated and measured /-—Vgy; characteristics at
different Vg for the same device. (c) Comparison between simulated and
measured P..ix and AT.,i. as a function of device thermal resistance.

by connecting different lumped thermal resistances in the range
from 8 - 10% to 1.2 - 10* K/W to the thermal electrode. In
Fig. 7(c) the numerical results are compared to results of the
analytical model applied to the experimental characteristics of
devices with different heat spreaders presented in Part L. In this
figure P, is seen to decrease with increasing Rty as would
be expected.
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C. Nematic Liquid Crystal Measurements

In Part I, nematic liquid crystal (NLC) temperature mapping
has been used to visualize the heat distribution over and around
silicon-on-glass devices. NLC measurement of the critical tem-
perature is given here as a further support to the proposed analyt-
ical formulation. The measured device geometry is sketched in
Fig. 8(a). In Fig. 8(b) and (c), microscope images of the devices
covered with a thin layer of NLC and contacted at the base, col-
lector and upper emitter E1, are shown. The device was biased at
the critical point and the chuck temperature was varied by steps
of 0.5 °C. The image shown in Fig. 8(c) was taken when a dark
region appeared over the top emitter finger. Since the clearing
point of the applied NLC is 56.5 °C and the chuck temperature
was set to 32 °C, a corresponding AT, of 24.5 °C was con-
cluded. Similar values of AT, ranging from 22 °C to 25 °C,
were also obtained for various other devices. The T, mea-
sured by this method is slightly higher than expected from the
simulated and electrically measured values. This can very well
be ascribed to an increased series resistance when contacting
the device terminal pads with probe needles through the liquid
crystal layer and the higher ambient temperature.

V. DETERMINATION OF CRITICAL BIASING CONDITIONS FROM
VeE—VcB CHARACTERISTICS

It is shown in this section that the Vgg—Vp characteristics
for fixed collector—currents can be used to extract the critical
power P that leads to thermal breakdown. Under forward
active operation, two concurrent mechanisms give an increase
of I for increasing Vg and fixed Vpg: one is the Early ef-
fect (electrical feedback) and the other is the seltheating effect
(thermal feedback) [27]. For a fixed I these mechanisms lead
to a Vg decrease with increasing Vp. If the thermal feedback
is dominating, which is the case for most modern RF devices,
it can be derived that Vg is a linear function of Vg and the
slope of one Vpg—Vcp characteristic is given by

Yert(Jo)RruAJc

1- (pe.rt(JC)RTHAJC ’
(22)

This slope is negative since the base—emitter voltage tempera-
ture coefficient ., is negative. Equation (22) is used below to
find the increase in Vp that is necessary for inducing thermal
breakdown at a given Jc. Since the currents and voltages ap-
plied over the device determine the dissipated power, F..i; can
then be found.

We define AVpgext,crit as the change of Vpg induced by a
junction temperature change going from 7’|y g.. =0 t0 Terit

OVBEex
Y VBEext = y(Ryu, Jo) =

8‘/CBext Jo

= VBEcxt (VCcht,crit) - VBont (VCcht = 0)
Terit

A VB Eext,crit

Gext(Jo)dT. (23)

T|Vepext=0

Since the coefficient ¢.,; can be assumed temperature indepen-
dent, (23) becomes

AVvBEcxt,crit = Pext (JC)ATcrit - ‘Pe:rt(JC) (T|V(‘,Bext:0 _TO) .
(24)
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Fig. 8. Detection of the critical temperature using NLC mapping.
(a) Schematic of the measured silicon-on-glass BJT. (b) Unbiased device
covered with a thin layer of NLC. (c) The same device biased at the critical
point. The dark region completely covering the active device finger B-C-E; is
clearly visible in (c).

By inserting (1) and (3) with Vogext = 0 and T = Ty .. =0

— Ty = AJc Rt (VBEext [Vopa =0 — AJc Rec) -
(25)
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Fig. 9. (a) Measurement of Vgg versus Vg for Ic = 0.6 mA with the

calculated values of Veg crit and AV ori¢ indicated. (b) The corresponding
Ic—Vgg characteristics at Veg = 0 V and 1.8 V show the same AVig crit
and AVgE cris relationship.

At the critical point, (22) implies that

AVvB]'E)ext,crit
77 .
By combining and rearranging (22) and (24)—(26), VcBext,crit
becomes

VCBext,crit = (26)

i J. Ajﬂlcri J,
VCBeXt,crit(JC) = i t( C) t( C)
Y
7 Voresd (Jo) + —— AJcR @7
~y +1 BEext [VcBext=0\/C 7+ 1 cREc.

To illustrate the use of this formula for determining
VeBext,crits consider the measurement shown in Fig. 9(a).
For a given NPN BIJT the Vpg—Vcp characteristic has been
measured with a forced collector—current of 0.6 mA. The
values of v = —0.0119 and Vegext|veg.,,—0 = 0.787 V are
directly extracted from the measurement and used to calculate a
VcBext,crit Value of 1.8 V from (27). To validate this result, the
current-controlled I-—VgEg characteristics for both Vogext = 0
and 1.8 V have also been measured as shown in Fig. 9(b). The
critical point for Vepext = 1.8 V occurs at a collector—current
of 0.62 mA.

The above analytical method of finding Ve cri¢ demands a
calculation of T¢,;; and thus values for g, C'y and m from (9)
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Fig. 10. (a) Detection of the critical collector-base voltage Vcg crit = 2.05 V

at the intersection point of two experimentally measured Vir—Veg curves.
(b) Verification of this Vg crit by measurement of the J-—Vgg characteristic
at Vo = 2 V.

must also be extracted from measurements. Moreover, in gen-
eral the influence of both the thermal and electrical Vgg—Vcg
feedback on the slope v must accurately be taken into account.

A more direct, geometrical way of measuring Vepext,crit for
a fixed I, which is not sensitive to the Vgg—Vcp electrical
feedback, is made possible by using the following equivalency:

VBEext(Ic — Alc) = Vegext(Ic + Alc)

VeBext VoBext
for Al — 0
<
dVBEext -0 (28)
dlc VeBext

that states that the intersection point of two Vgg—Vcp curves for
the currents I — Alc and I + Alc tends toward the critical
point (as defined in the Vg — I plane) for Al going to zero.
An example of such a measurement is shown in Fig. 10. Here
I and Al have been chosen equal to 0.7 mA and 0.1 mA, re-
spectively, and the Vgg—Vp characteristics for /¢ = 0.6 mA
and 0.8 mA have been measured. The intersection point of the
two lines occurs at Vopext,erit = 2.05 V. The validity of this
result is substantiated by the corresponding current-controlled
Ic—VBE characteristic for Vopexy = 2V, for which I¢ i is
found to be 0.7 mA. Usage of the intersection point to determine
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Fig. 11. (a) MEDICI simulated /~-VgE characteristics of a device without

externally added series resistance plotted for different lumped thermal
resistance values. The (dashed line) I versus Vgg, I versus (long-dashed
line) (Ve — kTo/q), and Ic versus (dotted line) (Ver — kTmin/gq) for
Rry = 0 K/W are indicated as well. (b) MEDICI-simulated Ic—Vgg
characteristics for two devices with an Rty of 0 K/W and 10* /W plotted
for different lumped emitter series resistors. The I versus (dashed line)
ViEint, Lc versus (long-dashed line) (Vi gine —kT0/q), and I versus (dotted
line) (Vegine — k(To + ATurie)/q) for Rty = 0 /W are also shown.

VeBext,crit €xtends the possibilities of actually measuring P,i¢
to situations where the intersection point lies at Vg values that
are too large to measure (i.e., the thermal resistance is lower).
If the seltheating is high enough to allow an accurate determi-
nation of the slope y then the intersection point can be extrap-
olated. The method was also validated by MEDICI simulations
[28].

VI. DISCUSSION AND CONCLUSIONS

In this paper, a set of analytical expressions have been derived
for the parameters Ry, Terit and Jc erit, Which describe the
electrothermal bipolar transistor behavior. If one of these param-
eters is known, the other two can be determined. In the present
silicon-on-glass devices the critical current Jc cri¢ is known be-
cause it is low enough to be accurately measured as a flyback
point in the current-controlled Gummel plot. The critical tem-
perature T..i; and thermal resistance Ry could therefore be
derived and the results are substantiated by numerical simula-
tions and nematic liquid crystal temperature mapping. The an-
alytical expression for T, is particularly interesting because
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it is an explicit function of thermal resistance and the biasing
conditions at thermal breakdown. It gives an excellent basis for
understanding the influence of thermal resistance and biasing
conditions on the temperature rise AT, necessary for reaching
thermal instability. The significance of each term contributing to
AT, as expressed by (12) is better understood by looking at
the simulation examples shown in Figs. 11(a) and (b).

MEDICI-simulated emitter current-controlled Io—Vgg char-
acteristics of a silicon-on-glass device where no series resis-
tances attenuate the collector or base current (i.e., VBEext =
VBEint = VBE) are shown in Fig. 11(a). Typical thermal resis-
tance values for low-power RF devices are chosen in the range
1000-10000 K/W for which Jc cri¢ goes from 500 pA/ pm?
down to 34 pA/um?. In the situation with a very high Rrg,
AT, is equal to the first term AT ,;, in (12) as given in (13).
This AT},;, expresses the minimum temperature rise that, for a
given Jg¢ qrit, can lead to thermal runaway in voltage-controlled
mode. From (5), (9) and (13) it is clear that selfheating will have
reduced VpE at the critical point by an amount of

AVYBE,min = |(pe:rt(JC,crit)| ATymin
k(ATmin + TO)

q
kﬂnin
= . 29)
q
With this definition, the critical Vg can be written as
VBE,erit = VBE — AVBE, min- (30)

The I versus Vig, I¢ versus (Vag — kTp/q) and I versus
(VBE — kTmin/q) for Rrg = 0 K/W are also indicated in
Fig. 11(a). The AT,;n and thus also AVpg min increases with
Jc,crit but for a room temperature ambient the increase is only
marginal over the Ry range of interest here. In principle, for
Rty — 0, AVeg min Will continue to increase, but at some
point the assumptions that the temperature distribution across
the device is uniform and that the effect of the series resistances
can be neglected will no longer hold. For Rty — 00, AVBE min
will approach k7T /q. This result is noteworthy in two respects:

1) AVBE,min is essentially the same for all devices and ap-
proximately equal to kT /q as long as Rty is very high
(as is the case with silicon-on-glass devices).

2) The value of AVag min(= 0.0259 V) is very small
compared to the built-in voltage over the e-b junction
(~1 V). In the case where Jg cri¢ is low, VBE crit 15 also
low so the effective potential over the e-b junction is
high, for example ~0.5 V. In this situation the current
flowing through the junction at the critical point is
obviously much too low to create a flatband situation,
which has sometimes been suggested to be the situation
necessary for inducing thermal runaway [29], [30]. Since
AVBE,min is almost independent of J¢ ¢, it can be
concluded that it is the very high rate of current increase
with increasing temperature at the critical point, and not a
drastic reduction of the potential across the e-b junction,
that is essential for thermal instability. However, after the
onset of thermal instability in voltage-controlled mode,

the current and temperature could continue to rise and
eventually lead to a flatband situation.

The significance of the last two terms in (12) is illustrated
in Fig. 11(b). These two terms include the influence of
emitter/base series resistances (second term) and emitter/col-
lector series resistance (third term). Several /o—VgE character-
istics are shown in which R is varied for Rty fixed at 0 K/'W
(case without selfheating) and 10000 K/W (case with self-
heating). In the case without selfheating, the voltage drop over
Rp will lower the voltage over the intrinsic device junctions
and effectively reduce /. The Ic versus Vpgint, Ic versus
(VBEint — kTo/q), and I¢ versus (Vegint — k(To + ATwic)/q)
for Rryg = 0 K/W are also shown. Since AT,;; depends
on Rg through Jc «rit, and Rg increases Jc crix through the
second and third term in (12), AT is increased slightly
more above AT.;, than if Rg were absent. As has been
demonstrated through the results presented in the histogram
given in Fig. 5(c), the bulk of the increase of AT, above
AT in comes from the second term itself, which accounts for
a Vg shift of

AVBEREB = VBEext,crit—VBEint,crit - 3D
This Vpg shift exactly counteracts the attenuation due to the
voltage drop over series resistances Rgp. In the same way, the
third term ATR gc accounts for a current increase to compen-
sate for the attenuation due to emitter/collector series resistance.

In advanced RF BJTs where very high frequencies are
reached at high current densities, emitter contact resistance
becomes a limiting factor and reduction of it has become a very
important issue. However, it has been demonstrated here that
any decrease in the device series resistances will lower both the
Jc,crit and Topi¢. Thus, there is a trade-off between electrical
and thermal isolation that becomes more and more critical as
RF device design pushes toward perfect dielectric isolation and
elimination of all parasitics, making selfheating and coupling
thermal effects critical design parameters in RFIC’s.

The analytical formulation of Te.i¢(Jc crit) gives a valuable
tool for analyzing the mechanism of thermal instability. Com-
bined with the Vpg—Vp measurement technique, it increases
the possibilities of identifying the critical biasing conditions of
a given device.

APPENDIX A
In this section, we provide a short description of the derivation
of (8).
The term

ORggB
oT

fJe,T) = Alc (A.1)

Jo
can be reasonably approximated by

1
g

when the current gain is greater than unity as in forward active
mode.

Fe,T) = Ade2 (

3T (Rg+rB)+ (Re + m)) (A2)
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In order to evaluate the order of magnitude of f(Jo,T), itis
possible to assume that the internal resistances rp and rg are
temperature independent. This leads to

a7 \ 3 (A3)

The current gain [ increases as temperature increases [31], and
this dependence can be described by means of the following law
[32]:

FUeT) = Ado(Rp + i) (l)

Jo

(A4)

B(T) = By exp [_M (1 1 )}

k T T,

where (p is the current gain at ambient temperature and
AEg(NEg) is the emitter bandgap narrowing [20]. On the
basis of the expression given by (A.4), the function f(J¢,T)
becomes

AFEq(Ng)
Jo,T) =2 —AJe(R —_—" A.S
f(Je,T) c(Rp +7B) BKT? (A5)
In the absence of base ballasting resistors
AFEq(N
f(Je,T) = —AchBﬂ. (A.6)

BET?

By inserting T' = 300 K, typical values for Ng, rp, A, and J¢
and applying the Slotboom formula to evaluate the bandgap nar-
rowing for a given emitter doping, values of about 107° V /K
are obtained. Therefore, this term is two orders of magnitude
smaller than ¢;,+ and stays small even if an external base bal-
lasting resistor is present.

APPENDIX B

In this appendix, (12)—(15), that give an analytical formula-
tion of AT, are derived from the condition given in (10)

dVBEext — 8‘/BEext
dJc VeBext dJc VeBext, T’
OVBEex dT
+ % T = 0. (B.1)
T VeBext,Jo C Vepext
Moreover, it is apparent that
dT _ oT
dJc VoBext dJc VeBext,; VBEext
oT dVBEex
+ S ¢ 7BEext (B.2)
VBEext VeBext,Jo dJc VeBext

By substituting (B.2) into (B.1), (10) becomes equivalent to

OVBEext
dJc Voext,T
T OViEext or. =0. (B.3)
oT VeBext,Jo dJc VCBext,VBEext

The first differential term from (B.3) can be derived using (2)
and (4)

aVvB Eext

chrit 1
dJc

= ARgs + . (B.4)

VeBext, T JC,crit
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The second differential term from (B.3) is given by (5) and the
third one can be derived using (1) and (3)

T AT
7 = 5 = A%JcaiBpc Ry (B.5)
C 1 VeBext,VBEext Cerit
Equation (B.3) can then be written as
AT’crit = Tcrit - TO
ETeyie
— q AJC,critREB
|<pezt(JC,crit)| |<pe.zt(JC,crit)|
+ A*JE . Rec R (B.6)
which is equivalent to
kT
AT _ TO VBEcxt,crit_VBEint,crit
w =
- |(pezt(JC,crit)| - g |‘Pezt(JC,crit)| - g
A%2JZ . RecR
C,crit EC TH ) (B7)

1—- —a
|‘Pea:t('](3,crit)‘
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